Crystal zoning as well as temperature and pressure estimates from phenocryst phase equilibria are used to constrain the architecture of the intermediate-sized magmatic system (some tens of km 3 ) of Volca¤ n Quizapu, Chile, and to document the textural and compositional effects of magma mixing. In contrast to most arc magma systems, where multiple episodes of open-system behavior obscure the evidence of major magma chamber events (e.g. melt extraction, magma mixing), the Quizapu magma system shows limited petrographic complexity in two large historical eruptions (1846^1847 and 1932) that have contrasting eruptive styles. Quizapu magmas and peripheral mafic magmas exhibit a simple binary mixing relationship. At the mafic end, basaltic andesite to andesite recharge magmas complement the record from peripheral cones and show the same limited range of compositions. The silicic end-member composition is almost identical in both eruptions of Quizapu. The effusive 1846^1847 eruption records significant mixing between the mafic and silicic end-members, resulting in hybridized andesites and mingled dacites. These two compositionally simple eruptions at Volca¤ n Quizapu present a rare opportunity to isolate particular aspects of magma evolutionçformation of homogeneous dacite magma and late-stage magma mixingçfrom other magma chamber processes. Crystal zoning, trace element compositions, and crystal-size distributions provide evidence for spatial separation of the mafic and silicic magmas. Dacite-derived plagioclase phenocrysts (i.e. An 25^40 ) show a narrow range in composition and limited zonation, suggesting growth from a compositionally restricted melt. Dacite-derived amphibole phenocrysts show similar restricted compositions and furthermore constrain, together with more mafic amphibole phenocrysts, the architecture of the magmatic system at Volca¤ n Quizapu to be compositionally and thermally zoned, in which an andesitic mush is overlain by a homogeneous dacitic magma that is the source for most of the 1846^1847 and 1932 erupted magmas. Dacite formation is best explained by mineral^melt separation (crystal fractionation) from an andesitic mush, which is inferred to have thermally and compositionally buffered the dacite magma thereby keeping it at relatively low crystallinity (5 30 vol. %). The dominant cause of compositional diversity is melt separation. Back-mixing of mush (i.e. crystals with signatures of growth both in the andesitic mush and in the dacite magma) into the overlying dacite magma is rarely observed. Recharge events that increase crystal and magma diversity in the dacite magma are limited to an episode of mafic recharge and mixing just prior to the 1846^1847 eruption, where evidence for magma mixing is present on all scales. Chamber-wide mixing was incomplete (mixing efficiency of $0·53^0·85) as flow lobes vary significantly in composition along the proposed mixing array. Estimates of viscosity variations during the course of magma mixing suggest that mixing dynamics and the degree of magma interaction on all scales were established at the beginning of the recharge event.
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magmas and are a testimony to their complex assembly histories and open-system behavior (e.g. Blundy & Cashman, 2008; Streck, 2008) . Petrographic complexity in andesitic to dacitic magmas evolves over time through an intricate interplay of: (1) magma chamber tapping during eruption (Sparks et al., 1977; Eichelberger & Izbekov, 2000) ; (2) addition of and mixing with magma batches from deeper sources (Clynne, 1999; Annen et al., 2006; Kent et al., 2010) ; (3) mineral^melt segregation leading to the formation of magma mushes and cumulates (McKenzie, 1985; Bachmann & Bergantz, 2004; Hildreth, 2004) ; (4) the entrainment of those mushes and cumulates as well as xenoliths from the surrounding country rock into the magma (e.g. DePaolo, 1981; Bacon & Lowenstern, 2005; Davidson et al., 2007) . The combination of these processes leads to dynamic magma plumbing systems that constitute the feeders for volcanic eruptions. Whereas some of these processes occur at shallow depths in an upper crustal reservoir, the bulk of the silicic magma may originate (1) in the mantle (e.g. Straub et al., 2011) , (2) in the lower crust (e.g. Hildreth & Moorbath, 1988; Annen et al., 2006) or (3) in an upper crustal mush zone (Hildreth, 1981 (Hildreth, , 2004 . In the case of upper-crustal (within $10 km of the Earth's surface) dacite formation, the evolved magma is envisioned to segregate within mush zones (sponge-like rigid crystal networks of $40^60 vol. % crystallinity with interstitial melt) in the shallow crust. These shallow crystal-rich systems may be fed by more mafic magmas that undergo crystal fractionation^differentiation, which may result in chemically and/or thermally zoned magma^mush columns (e.g. Hildreth, 1981; Druitt & Bacon, 1989; Mandeville et al., 1996; Costa & Singer, 2002; Browne et al., 2006) . Differentiation during mineral^melt separation may augment the chemical and thermal zonation of the plumbing system (Brophy, 1991; Bachmann & Bergantz, 2004; Dufek & Bachmann, 2010) . Mineral^melt segregation can result in mush zonation with sharp chemical and rheological boundaries, whereas magma mixing during recharge of more mafic magma and/or incomplete homogenization during sluggish magma convection would spread out those boundaries over more diffuse areas (Oldenburg et al., 1989; Ruprecht et al., 2008) . In this study we use crystal zoning as well as other petrological data to constrain the architecture of an intermediate-size silicic magmatic system (some tens of km 3 ) and the textural and compositional effects of magma mixing in a historically active silicic system.
Although some of the textural complexity that is found in igneous rocks may occur during mineral^melt segregation (Holness et al., 2007) , the dominant process causing chemical disequilibrium is mixing and mingling of magma batches within the mush zone and during eruption. Mixing and mingling manifests itself typically by the presence of mafic enclaves and the juxtaposition of texturally and compositionally distinct crystal populations. Even magma batches that mix cryptically (i.e. the mixing of small pulses with similar anhydrous bulk compositions but varying volatile content or temperature) can be resolved petrographically (Dungan, 1987; D'Lemos, 1996; Humphreys et al., 2006; Ruprecht & Wo« rner, 2007; de Silva et al., 2008) . The sequence and dynamics of the mixing process may remain elusive where only the final mixing product is preserved. Theoretical and dynamic models may be used to quantify the time-dependent mixing dynamics in such cases (Sparks & Marshall, 1986; Ruprecht et al., 2008) .
The complexity recorded in the petrography of intermediate to evolved magmas provides evidence for the operation of multiple processes in shallow plumbing systems, but it complicates the isolation of single processes and obscures their respective signatures. Some silicic, crystalpoor, arc magmatic systems appear to be less dominated by open-system behavior (e.g. Chaite¤ n: Castro & Dingwell, 2009; Lara, 2009) as are some volcanic systems with short eruptive histories (e.g. Huaynaputina: Thouret et al., 1999; Adams et al., 2001; de Silva et al., 2008; Quizapu: Hildreth & Drake, 1992; Ruprecht, 2009) . The latter provide an opportunity to study specific magmatic processes in isolation. We use the eruptive products of Volca¤ n Quizapu, Chile, to isolate specific processes that lead to arc magma complexity. At Volca¤ n Quizapu different eruptive products provide insight into the different stages of magma mixing during solid^liquid disaggregationçmingling and complete hybridization. We document how the crystals are chemically and physically affected during mixing, how those mixing processes may imprint themselves in completely hybridized magmas as they erupt at the surface, and how both homogeneity and heterogeneity arise within the Quizapu system.
VO L C A N Q U I Z A P U ç G E O L O G I C A L OV E RV I E W
Volca¤ n Quizapu is situated along the Holocene volcanic front of the Southern Andean Volcanic Zone within a large cluster of volcanic vents dominated by the stratovolcanoes Descabezado Grande and Cerro Azul (35^368S) ( Fig. 1 ; Hildreth & Drake, 1992) . Volca¤ n Quizapu is a small volcanic cone on the northern flank of Cerro Azul with an $700 m wide crater. The eruptive history of Volca¤ n Quizapu consists almost entirely of eruptions in 1846^1847 CE (common era) and in 1932 CE. Minor andesitic activity (small explosions) occurred during 19071 931. Recent volcanism in the Quizapu area is bimodal. Five mafic peripheral cinder cone vents and larger composite polygenetic cones contrast with the mainly dacitic Shaded relief map with the flow field of the 1846^1847 eruption outlined. VQ, Volca¤ n Quizapu; CA, Cerro Azul; LR, La Resolana; VDG, Volca¤ n Descabezado Grande. The shaded relief map was rendered from an ASTER satellite image (https://wist.echo.nasa.gov/api/). Sample locations are displayed (white squares, eruption of 1846^1847; black circles, eruption of 1932; black squares, mafic magmas from peripheral cones and from the Quizapu deposits; white circles, mafic magmas from the 1932 eruption).
character of the volumetrically larger stratovolcanoes. Towards the east and the north the silicic character of the volcanic cluster continues with the Pleistocene Calabozos Caldera and the quasi-historical Mondaca lava flow. The Calabozos Caldera erupted more than 1000 km 3 of rhyodacite to dacite magma in at least two caldera-forming eruptions during the last 300 kyr (Hildreth et al., 1984; Grunder & Mahood, 1988) . The rhyodacitic Mondaca lava flow fills in the Lontue¤ valley just north of Descabezado Grande. Historical accounts suggest that it erupted in $1760 CE (J. A. Naranjo, personal communication). Small-volume, mafic cinder cones, stratocones, and maars are ubiquitous throughout the area with the highest density of centers west of Quizapu crater (Hildreth & Drake, 1992) .
The two major eruptions of Volca¤ n Quizapu are some of the largest historical eruptions in the entire Andean cordillera (Domeyko, 1850; Hildreth & Drake, 1992) . In the winter of 1846^1847 Quizapu produced 4^5 km 3 of silicic lavas that covered about 50 km 2 ( Fig. 1) . In contrast, the 1932 eruption was a plinian eruption of similar volume, which dispersed ash and lapilli regionally across large parts of the South American continent ($23^408S). The geology of the area and the deposits of the 1846^1847 effusive eruption were described by Domeyko (1850) . Hildreth & Drake (1992) and Ruprecht (2009) provided more detailed petrographic descriptions and geochemical data for the Quizapu volcanic system. Most notably, the 1846^1847 eruption is characterized by extensive physical mixing as a consequence of mafic^silicic magma interaction, which is dominantly preserved as mingled dacites containing mafic enclaves with crenulate and cuspate margins. In some cases the recharge magmas caused complete hybridization and mixing at the crystal scale. The 1932 magmas show little mingling and hybridization. The work of Hildreth & Drake (1992) on the two eruptions led to the recognition of Volca¤ n Quizapu as an example of effusiveê xplosive transitions in silicic magmatic systems. Ruprecht & Bachmann (2010) showed that this effusive^explosive transition is directly tied to magma recharge and reheating. The 1846^1847 and 1932 eruptions of the Quizapu volcanic system, with the presence and absence of volumetrically significant andesitic recharge, respectively, have been studied to evaluate the effect of a single magma mixing event on plagioclase residence times recorded by 226 Ra^2
30
Th disequilibria in a silicic storage system. Plagioclase separates suggest storage for thousands of years prior to eruption, during which a single episode of magma mixing and reheating owing to mafic recharge may have changed the crystal growth and dissolution conditions and modified the average crystal ages by more than 1000 years (Ruprecht & Cooper, 2012) .
A NA LY T I C A L M E T H O D S
Whole-rock major and trace element analyses were performed at the GeoAnalytical Laboratory at Washington State University following the procedure of Johnson et al. (1999) and at the US Geological Survey laboratory in Lakewood, Colorado (principal analyst D. F. Siems) following the methods discussed by Baedecker (1987) and Bacon & Druitt (1988) . Mingled samples were carefully crushed to 1cm, and mafic enclaves (45 mm) in the dacite end-member were removed prior to wavelength-dispersive X-ray fluorescence (XRF) determinations of whole-rock compositions. The andesite end-member composition was estimated by analyzing separates of mafic enclaves.
Quantitative mineral analyses as well as image acquisitions of textural and compositional maps were performed at the University of Washington using a JEOL 733 fourwavelength-dispersive spectrometer electron microprobe. Quantitative analyses were performed at 15 kV and 101 5 nA with a focused (Fe^Ti oxides, pyroxenes, olivines) or defocused (amphibole, 3 mm; plagioclase, 5 mm) beam. Counting times for most phases and elements were 40 s on peak and 20 s on the background. Sodium mobility was not observed when Na was measured first. Minor elements in plagioclase required longer counting times: 40^120 s for Sr, 40^200 s for Ba, 90^150 s for Fe, and 50^300 s for Mg. Counting times were shorter for general mineral characterization and longer for mineral traverses to obtain higher count rates. Rim analyses with apparent high Fe concentrations probably reflect secondary fluorescence (Longhi et al., 1976; Sugawara, 2001) and are not used in this study. Semi-quantitative backscattered-electron images of selected thin sections were obtained at 15 kV and 15^40 nA. Long counting times (0·5^2 ms on each pixel) at high spatial resolution (4^10 mm per pixel) provide the means to distinguish between phases as well as between sodic and calcic plagioclase as a consequence of varying mean atomic number.
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses on selected plagioclase crystals were conducted at Oregon State University using a NewWave DUV on 193 nm ArF eximer laser. Ablation was carried out in a He atmosphere and the ablated material was analyzed using a VG PQ ExCell quadrupole ICP-MS system. Laser spots for plagioclase crystals were either 50 or 80 mm. Spot analyses were made on the same locations as the preceding microprobe analyses. Calcium measured by electron microprobe was used as an internal standard. The analytical conditions and procedures have been further described in detail by Kent et al. ( , 2007 .
Crystal size distributions (CSDs) were obtained on 13 thin sections. Crystal size data were evaluated with the CSD software provided by Higgins (2000) ; crystal aspect ratios were approximated using the method described by Morgan & Jerram (2006) .
S U M M A RY O F W H O L E -RO C K G E O C H E M I S T RY
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region around Volca¤ n Quizapu is dominantly controlled by mixing of mafic and silicic magmas similar to the Quizapu end-member compositions. 
Plagioclase
Plagioclase is the volumetrically dominant phenocryst phase in Quizapu magmas. Most lavas and pyroclasts have plagioclase phenocryst modes of 10^15 vol. % on a vesicle-free basis (Table 3) . Only VQ-08D, sampled from a volumetrically minor flow lobe in the interior of the 18461 847 flow field, is much more crystal poor with a plagioclase mode of 3·3 vol. %. Hybrid andesites consistently contain $14 vol. % plagioclase phenocrysts.
Plagioclase phenocrysts are divided into six plagioclase types on the basis of textures and chemical composition (Fig. 3a^p, Table 4 ). Only three of these types are volumetrically significant (types I, III, and IV) in Quizapu magmas. However, all crystal types are described below in similar detail, regardless of their abundance, to document the full range of textures and compositions. We Baedecker (1987) , Bacon & Druitt (1988) and Johnson et al. (1999) .
JOURNAL OF PETROLOGY VOLUME 53 NUMBER 4 APRIL 2012 et al. (1999) emphasize here that in particular the dacite magma is dominated by a simple crystal cargo of low-anorthite plagioclase.
Low-An plagioclase (type I)
Type I comprises the low end of the anorthite content spectrum (An 25^40 , Fig. 4 ) and is texturally simple. Anhedral to subhedral varieties of type I are predominant in lavas from the 1846^1847 eruption, whereas euhedral type I phenocrysts are characteristic of the 1932 dacite. Type I phenocrysts ( Fig. 3a^d ; type Ia) show weak patchy zoning and rare melt inclusions in the core associated with prominent resorption surfaces. Strongly resorbed crystals and subhedral to anhedral type Ib phenocrysts ( Fig. 3e and f) that are fully pervaded with melt inclusions and melt channels are present only in 1846^1847 lavas. Type Ib crystals are rare and occur in both dacite and andesite end-members of the 1846^1847 lavas. Type Ic crystals ( Fig.  3g and h) are texturally similar to type Ia, although they contain antecrystic calcic cores (4An 45 ) that show a sharp transition towards the rim to the typical dacite plagioclase phenocryst compositions (An 25^40 ). They often occur within glomerocrysts ( Fig. 3g ) with pyroxenes and Fe^Ti oxides.
Transitional plagioclase (types II and V)
Type II and V plagioclases are antecrysts as documented by the presence of both reverse and normal An zoning, and mostly have intermediate anorthite contents (Fig. 4) . The rims are mostly similar to Low-An plagioclase. Normal zoning in type II ( Fig. 3i ) plagioclase is gradual from Low-An rims to more calcic compositions ($An 60 ) in the interior of the crystals. It is distinct from the stepwise transitions of type Ic. Reverse zoning occurs as sharp compositional boundaries in zones of coeval resorption^re-growth (exposed in Fig. 3i in the center of the crystal). Whereas type IIa almost lacks the reverse zoning in the center of the crystal (Fig. 3i ), type IIb crystals ( Fig. 3j ) are dominated by large Low-An cores. The overgrowth mantles of higher An content in type IIb are also followed by normal zoning towards the rims. The Low-An cores that dominate the crystal growth history of type IIb resemble type Ia crystals. In a few cases, the high-An portions of these type II crystals are entirely sieve-textured. Type V crystals have extensively resorbed cores in the form of melt inclusions and melt channels (Fig. 3o ). Multiple normally zoned overgrowth rims (An 45^55 ) may occur for type V, which sometimes are similar to type IIb overgrowth rims.
High-An plagioclase (types III and IV)
Types III and IV have high anorthite content (An 60^90 , Fig. 4 ). Type III ( Fig. 3k and l) plagioclase crystals are euhedral and calcic (An 70^90 ) and except for the core and the outermost rim show very little internal zoning. Cores contain melt inclusions and areas of extensive resorption. The 10^20 mm thick rims are sodic (An 40 ) and similar in composition to groundmass crystals. This type is ubiquitous in 1846^1847 lavas. Type III is present mostly as single crystals in glass or groundmass matrix; occasionally these crystals are associated with glomerocrysts. Type IV phenocrysts ( Fig. 3m and n) are euhedral, calcic in composition (An 60^70 ), and show low-amplitude, high-frequency oscillatory zoning with only minor resorption surfaces. Mafic enclaves are typically dominated by either type III or type IV and rarely contain both High-An types simultaneously.
Minor plagioclase types (type VI)
Distinct textural characteristics suggest a separate classification for type VI plagioclase despite its rare occurrence in magmas from Quizapu. Type VI (Fig. 3p) shows the most pronounced disequilibrium textures. Almost the entire crystal is sieve-textured. Only a small more calcic rim is developed.
Plagioclase crystals in 1846^1847 lavas range in An content from An 18 to An 90 ( Fig. 4 ; Supplementary Data Table 
Plagioclase: Fe^Mg concentrations
The use of Fe and Mg in plagioclase has been shown to be valuable in distinguishing among compositionally different magma inputs (Hattori & Sato, 1996; Ginibre et al., 2002; Ruprecht & Wo« rner, 2007; Humphreys et al., 2009) . Minor element compositions may also be used to distinguish between High-An and Low-An plagioclase phenocrysts of the Quizapu magma system (Fig. 5a^h) . Different textural types have distinct chemical signatures and their origin is discussed further below (Fig. 5h) . Low-An plagioclase is generally lower in Fe (2000^3000 ppm) and Mg (5200 ppm), whereas High-An plagioclase has higher concentrations of Fe (up 7000 ppm) and Mg (up to 1000 ppm). Equilibrium plagioclase Mg-partitioning curves fordacitecompositions at 8708Candandesitecompos-itions at 1100 8C pass through the Low-An and High-An plagioclase compositions, respectively (Fig. 5b, d and f).
Transitional plagioclase crystals have correlated Fe^An and Mg^An compositions. The compositions predominantly fall on a linear array that connects the Low-An and the High-An plagioclase compositions. High-An plagioclase grains in hybridized 1846^1847 magmas are characterized by distinct Mg concentrations in two samples, whereas Fe concentrations are identical for those two samples ( Fig. 5a and b) . Transitional plagioclase is rare in the hybridized andesites. Some crystals with transitional plagioclase compositions show a trend of constant low Fe and Mg. The 1846^1847 mingled dacites contain both High-An and Low-An plagioclase that form distinct compositional clusters ( Fig. 5c and d Plagioclase from pumice samples of the 1932 eruption show the same range as plagioclase from the 1846^1847 lavas; however, only a few crystals make up the field of High-An plagioclase and these are overrepresented in the 
Plagioclase: crystal size distributions
CSDs of plagioclase in mingled dacites, hybridized andesites and mafic enclaves from the 1846^1847 eruption and from a dense dacite block from the 1932 eruption (VQ-17) resolve distinct crystal populations and quantify crystal volume fractions ( Fig. 7 ; e.g. Cashman & Marsh, 1988; Higgins, 2000; Salisbury et al., 2008) . We have measured CSDs only for phenocrysts and microphenocrysts, which provide information about the long-term evolution of the magma. Particular crystal populations that are characterized by relatively constant nucleation and growth rates should follow a linear relationship on a log^linear plot of population density vs crystal size (Marsh, 1988 (Marsh, , 1998 . The two analyzed samples that follow the linear behavior expected in the case of continuous growth of a single crystal population are a mafic enclave from the 1846^1847 eruption and a dense dacite from deposits of the 1932 eruption (Fig. 7a) . Plagioclase crystals in mafic enclaves are on average smaller and have higher population densities at sizes 51·5 mm than dacite-derived plagioclase, in accord with the similar crystallinities of andesites and dacites. Other samples from the 1846^1847 lavas show concave-up CSD patterns (Fig. 7b and c) . CSDs for mingled dacites from the 1846^1847 lavas are mostly linear for large crystal sizes (4 1mm). For very large crystal sizes (44 mm) this linearity breaks down. However, counting errors are significant in this size range because such large crystals are rare in thin section. Smaller size fractions (5 1mm) show higher population densities than linear projections from large crystal size, which is consistent with the addition of andesite-derived plagioclase owing to mingling and mixing. Hybridized andesites show a very pronounced concave-up CSD pattern. Dacite-and andesite-derived plagioclase populations contribute equally to the plagioclase CSDs for the hybridized andesites. Fig. 4 . Histogram of plagioclase compositions (An mol %) for Quizapu, showing a distinct peak for Low-An plagioclase (stippled) and a broader distribution for High-An plagioclase (hatched). It should be noted that some plagioclase crystals are strongly zoned (Fig. 3) , thus labels of different types in this figure refer only to the majority of the measurements making up the respective compositional range. Inset shows plagioclase data for scoria and pumice. Most High-An plagioclase analyses are from mafic scoria in 1932. The dacite pumice contains rare plagioclase with high An content (4An 60 ). Table  A1 . Measurement uncertainties (1SD) are smaller than the symbol size unless shown. Mg-plagioclase partitioning curves after Bindeman et al. (1998) are shown for dacite magma (continuous line; 8708C) and for andesite magma (dashed line; 11008C). Melt compositions are approximated by whole-rock analyses from Tables 1 and 2 (dacite: VQ-06; andesite: VQ-22A). Uncertainties on the partitioning curves are shown as gray envelopes. Mg-partitioning curves are omitted in (g). Fe-plagioclase partitioning curves are not shown, as melt compositions are less well determined. The dotted field highlights the highest density of data points and corresponds to Low-An phenocrysts in both Quizapu eruptions ($An 30 ). The continuous irregular line outlines the highest data density of the High-An phenocrysts in the 1846^1847 eruption. Both data density contours were calculated by summing the 2D-Gaussian distribution functions of single data points. The shaded area and the dashed outline represent the 25% and the 5% contour of the calculated maximum data density, respectively. It should be noted that these density outlines are not fully representive of the actual volume fractions in the magmas, because underrepresented plagioclase crystals were preferentially analyzed in this study. Nonetheless, they provide a general sense of the abundance of different plagioclase crystals. (h) Interpretation of the various crystal populations and potential processes explaining the trace element signature.
Amphibole
Amphibole is ubiquitous in dacites from Quizapu and makes up about 2 vol. % of the magma (Hildreth & Drake, 1992) . Most amphiboles in lavas and plinian dacites are weakly zoned and euhedral to subhedral (Fig. 8a) . Some 1846^1847 flow lobes contain amphibole with up to 50 mm thick decomposition rims composed of clinopyroxene, plagioclase, and titanomagnetite (Fig. 8b) . The Table A2 . Error bars show measurement uncertainties (1SD), where uncertainties are larger than the symbol size. Thick dotted and continuous lines are the same fields as in Fig. 5c and d, and suggest good agreement between electron microprobe and LA-ICP-MS data. Equilibrium partitioning curves as in Fig. 5 for plagioclase in dacite magma at 8708C (continuous line) and in andesite magma at 11008C (dashed line). Partitioning curve uncertainties are only partially shown for a restricted An range for the dacite composition and low temperature (An 20^60 ; light gray envelope) as well as for the andesite composition and high temperature (An 60^100 ; dark gray envelope). The uncertainty curve for the upper limit for Pb equilibrium partitioning in dacite is off the scale, ranging between 22 and 34 ppm. Melt composition is estimated from isotope dilution measurements of glass separates from Ruprecht & Cooper (2012; Ba) and whole-rock compositions in Tables 1 and 2 (La, Pb, Mg; dacite: VQ-06; andesite: VQ-22A). Relationships for partitioning coefficients are taken from Be¤ dard (2006; Ba, La, Pb) and Bindeman et al. (1998) . Equilibrium curves for Sr and Fe are not shown owing to the lack of good melt composition estimates. Mg partitioning curves are identical to those in Fig. 5 . Diffusion arrows show the re-equilibration direction of calcic plagioclase in more silicic magma. The length of the arrows shows the relative variations in diffusion coefficient (long indicates fast; short indicates slow); element diffusion coefficients are from Cherniak (1995 Cherniak ( , 2002 Cherniak ( , 2003 , Giletti & Shanahan (1997) and Costa et al. (2003) .
interior parts of the decomposition rims are relatively coarse-grained (5^10 mm grain size). The exterior parts of the rims are more fine-grained (55 mm grain size). Hybridized andesites contain entirely decomposed amphibole remnants (Fig. 8c) . They also show fine-grained outermost rims, on coarse-grained interiors.
Amphibole: compositional variations
A total of 336 amphibole analyses from 29 crystals in the Quizapu dacites document the range of calcic amphibole compositions ( Fig. 9; Supplementary Data Table A3 ), following the classification scheme of Leake et al. (1997) , with Ca ranging from 1·6 to 1·84 a.p.f.u. (atoms per formula unit). Amphiboles vary from edenite, a magnesiohornblende, to magnesiohastingsite and pargasite, with a total range for Si of 6·25^6·85 a.p.f.u. Magnesiohornblendes are euhedral phenocrysts in the 1846^1847 and 1932 dacites. In contrast to magnesiohornblende, pargasites and magnesiohastingsite are found either as cores surrounded by magnesiohornblende mantles or as subhedral glomerocrysts intergrown with plagioclase, Fe^Ti oxides, and apatite ( Fig. 8d and e) . The cores and glomerocrysts are mainly pargasitic in the 1932 ejecta, but similar cores and glomerocrysts in the 1846^1847 lavas are magnesiohastingsite in composition with more ferric iron than octahedral-coordinated aluminum (Figs 8 and 9 ). The magnesiohornblendes are relatively homogeneous in composition and they co-crystallized with Low-An plagioclase (type I) in dacite magma. We assume that magnesiohornblendes dominate the amphibole population on the basis of textural observations (i.e. predominantly euhedral crystals).
Compositional variations occur by simple ferrous iron and magnesium exchange as well as by the temperaturesensitive edenite exchange [
, as has been observed in other magmatic systems Fig. 10 ). The two amphibole populations in the magmas from Quizapu, (1) magnesiohornblende and (2) magnesiohastingsite and pargasite, are distinct with respect to the Ti-Tschermak exchange ( 
Pyroxene, olivine and accessory phases
Dacite magmas of the 1846^1847 and 1932 eruptions of Quizapu contain mostly orthopyroxene (mostly at 52 vol. %), whereas clinopyroxene is present predominantly as a phenocryst phase in the recharge magmas. Orthopyroxenes in mingled dacites are frequently anhedral, suggesting late-stage resorption. We have found a compositional range that is similar to that reported by Hildreth & Drake (1992) Olivine is a phenocryst phase in the mafic recharge magmas. It also occurs as xenocrysts in mingled dacites from the 1846^1847 lavas and in dacites from the 1932 plinian ejecta. In the dacite the olivine is normally zoned. The compositions of olivine cores are more magnesian in the 1846^1847 lavas at $Fo 76 compared with $Fo 70 in samples from the 1932 dacite. Apatite, titanomagnetite, ilmenite, and sulfides are ubiquitous in the dacites of Quizapu. They occur as phenocryst phases as well as mineral inclusions in plagioclase and amphibole. Zircon was not reported previously (Hildreth & Drake, 1992) . We have found zircon (550 mm) in three thin sections as well as in several Fe^Ti oxide grain mounts of the mingled dacites and hybridized andesites from the 1846^1847 eruption. These are typically associated with magnetite and amphibole crystal clots. Quartz has been observed only in plagioclase grain mounts.
P R E -E RU P T I V E M AG M AT I C ST O R AG E C O N D I T I O N S Magma temperatures
The mineral assemblages in the Quizapu volcanic rocks permit calculation of pre-eruptive magmatic temperatures for dacite magmas that resided in a shallow crustal chamber using multiple phenocryst-pair equilibrium geothermometers: Fe^Ti oxide thermometry (Ghiorso & Evans, 2008) and amphibole^plagioclase thermometry (Holland & Blundy, 1994) . The calcic amphibole model of Ridolfi et al. (2010) has been applied as an independent test of the amphibole^plagioclase model and it simultaneously provides constraints on oxygen fugacity and crystallization pressure. Temperature estimates for the recharge andesite magmas are also obtained from the Fe^Ti oxide thermometer (Ghiorso & Evans, 2008) . As Fe^Ti oxides can be used for both dacite and andesite end-members, we discuss them together at the end of this section.
Re-equilibration of temperature-sensitive major and minor elements by diffusion in amphibole is very slow owing to the coupled exchange of multiple elements (Garcia-Casco et al., 2002), but Fe^Ti oxides re-equilibrate rapidly. The combination of data permits the establishment of a time^temperature evolution for magma storage conditions at Quizapu. Rapidly re-equilibrating Fe^Ti oxides record the late-stage (days to months prior to eruption) temperature distribution in the magmatic system (Freer & Hauptman, 1978; Venezky & Rutherford, 1999) , whereas temperature estimates from amphibole provide information about long-term storage conditions for these magmas.
Temperature estimates using the Ridolfi et al. (2010) model for all 336 amphibole analyses are shown in Fig. 11 , and the Ridolfi et al. (2010) amphibole classification is adopted here. All analyses are consistent with the observed low crystallinities of these magmas [i.e. the dash^dotted Fig. 9 . Amphibole compositions in magmas from Quizapu following the classification scheme of Leake et al. (1997) . Most amphiboles are edenite (black squares and white circles as in Fig. 6 ). Old cores and amphiboles that are associated with glomerocrysts are less silica-rich and are magnesiohastingsite and pargasite (gray squares, 1846^1847; gray circles, 1932). Structural formulae of amphiboles were calculated using the method of 13 cations excluding Ca, Na and K (13eCNK) described by Leake et al. (1997) ; compositional data are reported in Supplementary Data Appendix Table A3 . To a minor extent, Ti-Tschermak and plagioclase exchange contribute to the variations found in the Quizapu amphiboles. Magnesiohastingsites and pargasites follow the same edenite exchange trend. They differ considerably for the Ti-Tschermak and plagioclase exchange. Symbols as in Fig. 9 . Structural formulae of amphiboles were calculated using the method of 13 cations excluding Ca, Na and K (13eCNK) described by Leake et al. (1997) . The arrow in (a) shows the trend for which T Al variations would be varying solely owing to varying temperature.
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MAGMA STORAGE SYSTEM, VOLCA ¤ N QUIZAPU line provided by Ridolfi et al. (2010) divides experimentally constrained high-T^low-crystallinity assemblages from low-T^high-crystallinity assemblages]. The pressure^tem-perature (P^T) estimates from all amphiboles show a continuous range of 120^350 MPa and 840^9708C. The low-pressure limit is sharp, whereas the high-pressure limit is more diffuse. As shown by the error bars in Fig. 11 , these high-T^low-P amphiboles lend themselves to precise P^Testimates. Amphibole temperatures for the two eruptions are indistinguishable from each other. The calculated minimum temperatures are at the low end of the temperature estimates by Hildreth & Drake (1992) using Fe^Ti oxides.
We further assess the consistency of the calculated temperatures by comparing the results from the Ridolfi et al. (2010) model with those from the Holland & Blundy (1994) model (Fig. 12) . We use the temperature model B of Holland & Blundy (1994) , which is appropriate for phenocryst assemblages lacking quartz. Consistent amphibole temperatures between the two models are obtained for the magnesiohornblendes if the plagioclase composition is assumed to be An 40 . We assume slightly more calcic plagioclase than is observed in the dacites to obtain consistent temperature estimates for the two models. However, temperature estimates are still within the uncertainties when more sodic plagioclase (An 35 ) is assumed, which is equivalent to an $208C lower calculated amphibole equilibration temperature. Temperatures from tschermakitic-pargasite and magnesiohastingsite underestimate crystallization temperatures when the Holland & Blundy (1994) model is applied using Low-An plagioclase. The discordance of calculated temperatures between the two models [Holland & Blundy (1994) and Ridolfi et al. (2010) ] is most probably an artifact of the assumed An content used in the former model. Significant temperature variations recorded in amphibole are expected owing to the variations in the temperature-sensitive edenite exchange (Fig. 10a) . It is unlikely that the same plagioclase composition is in equilibrium with amphiboles that grew at different temperatures. In fact, both temperature models [Holland & Blundy (1994) and Ridolfi et al. (2010) ] show consistent high temperatures when compositions of the transitional plagioclase ranging up to An 55 are used.
Dacitic to rhyodacitic calc-alkaline magmas typically have only small amounts of clinopyroxene present, thus limiting the use of two-pyroxene thermometry. The lack of clinopyroxene in the dacite end-member at Quizapu is similar to other magmatic systems (Mt St. Helens: Rutherford et al., 1985; Rutherford & Hill, 1993 Rutherford & Devine, 2003) . The Quizapu dacite may be too cold and too wet for amphibole and clinopyroxene to coexist. Even though two pyroxenes are present in the recharge andesites, we do not calculate two-pyroxene equilibrium temperatures (e.g. Putirka, 2008) because there is no clear textural evidence that the pyroxenes are in equilibrium.
Fe^Ti oxide geothermometry has been applied to the dacites and andesites erupted at Quizapu ( Fig. 13a; Supplementary Data Appendix Table A4 ; Ruprecht & Bachmann, 2010) . We have obtained equilibrium pairs for most lithologies of the 1846^1847 and 1932 eruptions. A tight cluster of nine oxide pairs from two dacite samples yields temperature estimates of 866^8858C for the 1932 plinian eruption. These temperature estimates are consistent with previously reported two-oxide temperatures (Hildreth & Drake, 1992) .
Four Fe^Ti oxide pairs from the dacite end-member of the 1846^1847 eruption yield elevated temperatures and a wider range in temperatures (890^9568C) compared with the 1932 dacite (866^8858C). Hildreth & Drake (1992) reported lower temperature estimates (58748C) using Fe^Ti oxides for enclave-poor samples of the 1846^1847 dacite. With the exception of one Fe^Ti oxide pair that yields a magmatic temperature of 10858C, 11 pairs from the hybridized andesite yield temperatures of 993^10248C. Seven titanomagnetite^ilmenite pairs in a mingled dacite lava were analyzed across an enclave^dacite interface along a 1cm long transect (black and white data points in Fig. 13a  and b) . Temperatures for these pairs range from 1007 to 10788C, where the highest temperatures are from grains in the enclave and the lowest temperatures are found away from the enclave (Fig. 13b) . A second enclave from a different sample gave temperatures results that are similar to those for the interior of the former enclave (two pairs: 10868C and 10958C), but three additional pairs in the second enclave gave temperatures between 737 and 8208C. These grains contain abundant exsolution lamellae, providing evidence that some of these Fe^Ti oxides may have been intermittently subsolidus and are therefore xenocrystic (Von Gruenewaldt, 1985) .
Water content
The Ridolfi et al. (2010) model provides a formulation to estimate the water contents of calc-alkaline magmas that contain amphibole (Fig. 11) . Water content estimates vary between 3·5 and 5·5 wt % H 2 O, with a cluster around 4 wt %. Only the deepest, hottest, and potentially most mafic magmas have higher water contents. Magmas from 1846^1847 and 1932 are indistinguishable in terms of water contents derived from amphibole compositions, in accord with the similarities in P^Tconditions.
Pre-eruptive water contents for the dacite end-member magma can also be estimated using the hygrometer of Lange et al. (2009) . Assuming average glass (Supplementary Data Appendix Table A5 ) and plagioclase compositions together with temperature estimates from the amphibole geothermometer we estimate dacite water contents of 4^6 wt %, consistent with estimates using the amphibole model of Ridolfi et al. (2010) . The water contents of the 1846^1847 and 1932 eruptions appear to be indistinguishable; this is consistent with the lack of significant amounts of quartz, which is present only under much drier conditions (52 wt %) at $9008C (Whitney, 1988) .
Oxygen fugacity
Oxygen fugacities in 1846^1847 lavas vary beyond the restricted range calculated for the 1932 eruption (Fig. 13a) . Oxygen fugacity was calculated using the calibration of Ghiorso & Evans (2008) . Oxygen fugacity in dacites from the 1932 eruption varies from 0·67 to 0·71 log units above the nickel^nickel oxide (NNO) buffer. Mingled dacites from the 1846^1847 eruption have oxygen fugacities varying between NNO þ0·74 and NNO þ0·85. Hybridized andesites and mafic recharge magmas are characterized by relatively reduced oxygen fugacities ranging from NNO þ0·24 to NNO þ0·53. The Fe^Ti oxide pairs that yield low temperatures are affected by subsolidus alteration and are the most oxidized samples (NNO þ0·94 to NNO þ1·34). Oxygen fugacity estimates using the Ridolfi et al. (2010) amphibole model are consistent with fO 2 estimates from the Fe^Ti oxides. The magnesiohornblende data overlap well with the Fe^Ti oxide data, whereas tschermakitic-pargasite and magnesiohastingsite follow the trend of the more mafic magmas. At higher temperatures we observe splitting into a more oxidized and a more reduced trend, but we do not attribute this to specific magmatic processes (e.g. degassing, varying sources) because this would require additional analyses to map out the potential trends.
A RC H I T E C T U R E O F T H E M AG M A S Y S T E M
Petrological and crystal-chemical records suggest a polybaric evolution for the Quizapu magma system and, in particular, the combination of petrological and geochemical indicators based on plagioclase and amphibole are powerful tools with which to delineate its architecture. Amphibole pressure estimates define a range of 1303 50 MPa (Fig. 11) . Assuming an average crustal density of 2700 kg m À3 restricts the major storage magma region to $5^13 km depth. Within this depth interval the assemblage of magnesiohornblende in equilibrium with Low-An plagioclase (type I) volumetrically dominates the magma system and suggests the presence of a shallow magma chamber (Figs 11 and 12) in which this crystal assemblage grew. Pressure estimates (130^180 MPa) from magnesiohornblende restrict this magma chamber to depths of $5^7 km. Several magnesiohornblendes record occasional pressure decreases and increases of 550 MPa limited to this depth range (Fig. 14) ; pressure increases require a transport mechanism that is dominated by a liquid phase (e.g. crystal settling in a mostly liquid magma and/or chamber-wide convection). These pressure excursions are mostly recorded within 100 mm of the amphibole rims, implying convective motion over an extended time interval, as amphibole growth rates based on CSDs may be similar to plagioclase growth rates (Higgins & Roberge, 2003) and plagioclase residence times at Quizapu are estimated to be thousands of years (Ruprecht & Cooper, 2012) . Such estimates for a convecting magma chamber will need to be further tested given the uncertainties on crystallization pressure using amphibole and our lack of knowledge of amphibole crystallization kinetics.
Magma from the shallow magma chamber constitutes the bulk of the dacite magma that was erupted in 18461 847 and 1932; most amphibole rim compositions are consistent with this pressure range (Fig. 14) . The coexisting Low-An plagioclase is the main phenocryst phase (sensu stricto) in these dacites and in the following discussion we refer to this as dacite-derived plagioclase. The long-term thermal state of this shallow chamber varies between 840 and 9008C based on thermometry on magnesiohornblende from both eruptions and Fe^Ti oxides from the 1932 eruption.
The more mafic amphiboles mostly show a simple pattern of high to low pressure from core to rim with no return to high pressure (Fig. 14) . Supported by multiple amphibole crystals they define a continuous pressure range that indicates crystal growth and differentiation over the entire depth range. The continuous pressure decrease towards the rims suggest that the magma plumbing system is organized into many tightly connected, localized, small-volume melt pockets or into a highly crystalline magmatic mush in which convective overturn is inhibited. Nonetheless, in comparison with the magnesiohornblendes only a few crystals have been measured that record the deeper magma evolution at Quizapu. A detailed delineation of potentially distinct magma lenses in addition to the shallow storage region, or the presence of an extended continuous crystal mush, is therefore only speculative. One crystal (VQ-22 Hbl2) shows an increase in pressure during its growth at $200 MPa, hinting that additional regions of high liquid fraction and convective overturn may exist at greater depth.
The tschermakitic-pargasite-and magnesiohastingsitebearing magmas are intermediate in their composition with respect to the shallow dacite magma and the recharge magma given the estimated water contents (Lange et al., 2009 ) and that they are in equilibrium with transitional plagioclase (An 40^55 ). The inferred crystal assemblage is a testimony to the existence of such intermediate magmas at depth; however, they have not been observed as crystal-rich erupted magmas. Evidence for crystal-rich assemblages at depth comes from the presence of glomerocrysts that are transitional in composition. The only erupted intermediate magmas are the hybridized andesites that result from mixing of dacite and recharge magma with High-An plagioclase phenocrysts. Hybridized 1846^1847 magmas commonly lack transitional plagioclase (type II and V). Amphibole thermometry suggests that tschermakitic-pargasite-and magnesiohastingsite-bearing andesite temperatures reach $9708C at the base of this quasi-continuous magmaplumbing system.
Equilibration pressures for the recharge magma are unknown, but the thermal state and the mafic composition of these magmas suggest an even deeper origin than the tschermakitic-pargasite-and magnesiohastingsite-bearing andesite. Their temperature ($11008C) is at the lower limit of primitive mantle-derived magmas that enter the crust (Ulmer, 2001; Pichavant et al., 2002) . If the recharge andesites were stored for an extended amount of time, the high temperature suggests that they must have resided in the lower crust to stay hot (Annen et al., 2006) before they ascended and interacted with the Quizapu magma system. The major phenocryst phase (senso stricto) of these recharge andesites is High-An plagioclase and we refer below to these crystals as andesite-derived plagioclase. Fig. 11 , because the uncertainty owing to averaging is negligible (average 1SD ¼ 7 MPa). Dashed lines connect data points of extended crystal traverses. Other crystals were measured only in specific zones, and data points are not connected to avoid implying a continuous pressure evolution. For crystals with large aspect ratios core measurements are plotted separately as the distance to rim is somewhat arbitrary depending on the exact spot location. Most amphiboles show a pressure and temperature decrease towards the rim, whereas the rims scatter tightly around a pressure estimate of 150 MPa ($5^6 km). Overturn and cyclical behavior is recorded in the amphibole zoning patterns and is most common between about 5 and 7 km depth. It should be noted that average crustal density is assumed to be $2700 kg m 
D I S C U S S I O N Dacite homogeneity at Volca¤ n Quizapu
Petrological evidence and field observations suggest the incremental assembly of silicic magma systems (Lipman, 2007) . If the Quizapu dacite magma was assembled incrementally by small batches of magma, the crystal-and bulk-scale homogeneity of this dacite suggests either that the magma generation process is continuously adding magma of very similar composition, or that homogeneity is restored on all scales after addition of magma with diverse compositions. Whichever process applies, it must produce the narrow compositional range (An 25^40 ; Figs 4 and 5) of plagioclase in the 1846^1847 and 1932 dacites, as well as the restricted edenitic composition of euhedral amphibole phenocrysts (Fig. 8a) . Apart from the eruptiontriggering hot andesite recharge, only volumetrically minor proportions of glomerocrysts and phenocrysts (plagioclase and amphibole) with more mafic compositions are signs of the involvement of compositionally diverse inputs.
Magma stirring is the most effective process to attain homogeneity. Many analog and numerical models suggest that in crustal magma chambers in which transient recharge or crystal-rich dense plumes initiate overturn and stirring, magma mixing is potentially incomplete and gradients in composition, temperature or other intensive variables develop (e.g. Bergantz & Ni, 1999; Ruprecht et al., 2008; Huber et al., 2009) . Continued vigorous magma stirring may homogenize the melt down to the scale of a hand sample, whereas crystal zoning and other crystal-scale heterogeneities (i.e. different crystal compositions and populations) persist over the course of magma mixing, as crystal dissolution is usually incomplete (e.g. Tsuchiyama, 1985) and diffusive re-equilibration is too slow (Grove et al., 1984) to erase pre-stirring crystal compositions. Textural and chemical heterogeneities on the crystal scale in the form of complex zonation patterns could be indicative of episodic recharge events and continuing mixing. The dacite end-member magma from Quizapu shows little evidence for compositional gradients as all flow lobes from the 1846^1847 eruption as well as pumice samples throughout the 1932 eruption lack significant complex zonation patterns. Dacite-derived phenocrysts are relatively homogeneous, which is consistent with growth from a compositionally uniform dacitic end-member magma.
Despite the evidence for magma overturn documented by amphibole zonation, such overturn may be limited and insufficient to create the homogeneity of the Quizapu dacites. As transient convective movement is typically too fast to be recorded in crystal zonation (Ruprecht et al., 2008) , crystals tend to record the more stagnant conditions between vigorous overturn events. The fact that amphiboles record at most two episodes of changing pressure in their zoning from core to rim (Fig. 14) suggests that any convection was sluggish (Marsh, 1989 ) and convective overturn rare. Whereas convective overturn may be responsible for the redistribution of crystals, it is not likely to be the dominant control on dacitic end-member homogeneity. Several chamber-wide overturns without any introduction of new heterogeneities (i.e. dense crystal-rich dense plumes or low-density magma from below) would be required to approach homogeneity (Bachmann & Bergantz, 2008; Huber et al., 2009) .
Alternatives to efficient stirring for creating homogeneous dacite are the addition of compositionally similar magmas from a deeper magma processing zone (e.g. Annen et al., 2006; Straub et al., 2011) , or through melt segregated from a subjacent andesitic mush (Brophy, 1991; Bachmann & Bergantz, 2004; Dufek & Bachmann, 2010) . So-called 'hot-zone processing' could result in wet andesitic and dacitic compositions, which may provoke crystal growth as the magmas degas. Magmas added through this mechanism would probably have textural and chemical heterogeneities on the crystal scale preserving evidence for their polybaric evolutionary paths with progressive shallowing of crystallization. This pattern is not observed in the Quizapu dacites. First, dacite-derived plagioclase phenocryst zonation is minor (mostly 510 An mol %; Figs 4 and 5) and many amphibole crystals in equilibrium with the dacite-derived plagioclase show pressure estimates consistent with convective storage systems (4 1km) in the shallow crust. The tschermakitic-pargasites and magnesiohastingsites record deeper crystallization and some of the complexity observed in Quizapu magma may be a result of deeper magmatic processes (Prouteau & Scaillet, 2003; Annen et al., 2006) . However, amphibole crystallization is restricted to the uppermost 13 km (5350 MPa) and the bulk of the euhedral amphiboles record crystallization depths58 km (Fig. 14) . Thus, we propose that hot-zone dacite formation, and, by extension of the argument, also dacite formation directly from the mantle (Straub et al., 2011) , is not the dominant process producing dacite magma homogeneity, based on the observed crystal-scale homogeneity and low-pressure assemblage, although both mechanisms may potentially be significant in other magmatic systems. In fact, the bulk (470%) of the 1846^1847 and 1932 Quizapu dacite magma contains mostly weakly zoned dacite-derived plagioclase, which is inconsistent with substantial direct input of crystals from deep-sourced, more mafic magmas.
We propose that the dacitic end-member magma was generated by melt extraction from a predominantly andesitic crystal mush ( Fig. 15 ; Brophy, 1991; Bachmann & Bergantz, 2004; Hildreth, 2004; Bacon & Lowenstern, 2005; Bacon & Lanphere, 2006) . As the crystal mush compacted, melt was expelled upward and may have accumulated in an overlying crystal-poor magma reservoir. This melt extraction from the mush, which results in a homogeneous eruptible dacite magma. The nature and geometry of the underlying andesitic mush is not well defined. Continuous crystallization over the entire depth range has been documented, but it is unlikely that the mush is fully connected and continuous. Recharge magmas form at high temperature potentially after some storage in the lower crust. (c) Dynamics at the boundary of the mush and the dacite magma dictate the evolution of complexity on the crystal scale. Transitional plagioclase from the mush is convectively entrained. Some Low-An plagioclase is settling and may crystallize more transitional plagioclase rims at higher temperatures. (d) Mg^An systematics for Low-An (dacite-derived) plagioclase and glomerocrysts that transfer from the mush into the dacite. Crystals continue to grow Low-An plagioclase with low Mg concentrations, whereas cores diffusively re-equilibrate over time.
(e) Transitional plagioclase that transfers into the mush layer develops a linear array in Mg^An space. Elevated Mg concentrations depend on the exact temperature and potentially varying melt composition. Re-entrainment into the dacite magma must be limited, as no diffusive re-equilibration has taken place. (f) Mg^An systematics for High-An (andesite-derived) plagioclase. Extremely rare High-An plagioclase with low Mg concentrations suggests the presence of phenocrysts from previous recharge events that diffusively equilibrated after ascent and storage in more evolved magma.
JOURNAL OF PETROLOGY VOLUME 53 NUMBER 4 APRIL 2012 extracted dacite magma is envisioned to have formed the bulk of the eruptible part of the Quizapu magma chamber. Evidence for the dynamic state of the andesite mushd acite magma column comes from phase relations in the dacite. The minimum temperatures ($8408C) obtained for wet Quizapu dacitic magmas are high compared with other dacite magmas (e.g. as low as 7708C at Mt. St. Helens: Gardner et al., 1995; Ghiorso & Evans, 2008 ; $760^8008C at Mt. Unzen: Venezky & Rutherford, 1999) and are consistent with relatively low crystallinity ($20 vol. % crystals). The erupted dacite mineral assemblage (Low-An plagioclase and magnesiohornblende), melt compositions, and mineral^melt equilibrium partitioning in plagioclase indicate storage conditions well above the solidus (Whitney, 1988) at magma temperatures of $8409 008C and $5^7 km depth (Fig. 15a, b and d) . Phase relations at 9008C for a more mafic magma composition at the base of the liquid-dominated dacite magma chamber would be consistent with 65% crystallinity for the andesite mush (Murphy et al., 2000) . A quasi-rigid mush could develop at even higher temperatures and lower crystallinity (Marsh, 1989) . The mush is the origin for transitional plagioclase and tschermakitic-pargasite and magnesiohastingsite. If such an andesite mush were vertically extensive it would thermally buffer the dacite system and limit production of the crystal-rich dacite observed in many other arc systems (e.g. Murphy et al., 2000; Browne et al., 2006) . The high temperatures above the solidus at constant bulk composition suggest a balance between thermal input and heat loss to the surrounding wall-rocks. The mush therefore serves as a heat source but is too viscous to participate extensively in convection of the crystal-poor dacite (Bachmann & Bergantz, 2008) . Whereas a rheological barrier in the form of a connected mush is required for the base of the dacite magma chamber at $7 km depth to produce the dacite via melt separation from a rigid melt^crys-tal network, the vertical extent of this mush is less well defined. The data are insufficient to answer whether the mush is connected fully from 7 to 13 km under Quizapu or if distinct mush regions with ephemeral melt lenses exist in this depth range. Considering the ascent of the eruption-triggering recharge andesite, some insight may be gained regarding the mush distribution. Upon ascent the recharge magma either has to pass through the mush zone or if magma distribution between 7 and 13 km is more discrete it may find an ascent path with limited mush interaction. The fact that mafic intrusions are likely to stall at the base of magmatic mushes (e.g. Michael, 1991; Wiebe, 1996; Bachmann & Bergantz, 2008; Burgisser & Bergantz, 2011) suggests that the recharge magma did not pass through 6 km of continuous mush. Such a path is even less likely considering the lack of mush crystals in the recharge andesite and significant hybridization between recharge and mush. Recharge magmas have only minor potential for interaction with the mush just prior to entering the major dacite magma chamber, as evidenced by the limited presence of transitional plagioclase crystals (as documented in the 1932 recharge magmas; Fig. 5g ). Nonetheless, magma storage zones must exist throughout this depth range to be consistent with the continuous pressure estimates from amphiboles.
Crystal transfer across the andesite mushd acite interface
The documented entrainment of volumetrically minor transitional plagioclase with antecrystic core and phenocrystic rims ( Fig. 3i and j) and glomerocrysts ( Fig. 3g) as well as mush amphiboles (tschermakitic-pargasite and magnesiohastingsite) provides insights into the dynamics of the boundary region between the crystal mush and dacite magma (Fig. 15c) . Such entrainment of mush crystals may occasionally occur in silicic systems during melt extraction and small additions of recharge magma (Claiborne et al., 2010) . During melt extraction, as well as during small amounts of recharge from the crystal mush, the melt composition (in contrast to the crystal cargo) remains restricted to a narrow range of dacitic to rhyodacitic compositions (Johannes & Holtz, 1996) and is less dependent on the overall mush composition. The normally and reversely zoned transitional crystals ( Fig. 4 ; type II and V) suggest back and forth transport between distinct growth enivironments (varying T, pH 2 O, X) with intermittent resorption of the crystals. The trace element concentrations in plagioclase (including Fe and Mg) are consistent with these growth environments being represented by an andesitic mush and a melt-rich dacite magma (Fig. 15e) . The linear array of transitional plagioclase with correlated Fe and Mg concentrations with higher An content suggest growth from a hybrid magma as Mg concentrations are elevated compared with equilibrium growth in the dacite magma (Figs 5 and 6 ). The fast re-equilibration of Mg in these crystals, which would occur within weeks to years (Costa et al., 2003; Ruprecht & Cooper, 2012) in the dacite magma, indicates that the entrainment of transitional plagioclase crystals into the dacite magma occurred recently.
Glomerocrysts, type Ic plagioclase, and some amphibole (e.g. VQ17-Hbl4, Fig. 8d ) have cores that must have originated from the more mafic mush, whereas the plagioclase rim compositions are identical to other dacite-derived plagioclase crystals. Mg and Fe concentrations are consistent with diffusive re-equilibration of the cores (Fig. 15d) , which suggests that these crystals must have been convectively remobilized some hundreds of years prior to eruption and incorporated into the dacite magma (Zellmer et al., 2003) . The mush^dacite boundary is a dynamic environment, potentially moving upward by crystal settling as well as becoming eroded by convective entrainment, thereby allowing dacite-derived phenocrysts to be incorporated into the andesite mush. Depending on the time that these dacite-derived crystals spend in the hotter and more mafic mush, they may partially resorb and grow rims consistent with this andesitic mush. Such regrowth is usually characterized by intermediate An contents and Mg concentrations, indicating that the boundary of the mush is intermediate in composition and temperature.
The 1846^1847 and 1932 Quizapu dacites are endmembers in terms of compositional simplicity in intermediate-sized (i.e. several km 3 ) silicic magma systems. The Quizapu system may represent an end-member case in the sense of having a large, quasi-continuous mush column with a homogeneous dacite magma lens, whereas other systems show more discrete zones of magma storage during their polybaric evolution (e.g. Ridolfi et al., 2010) . This is also consistent with the larger variations in mineral compositions observed in the dacite magmas of other systems (e.g. Pinatubo: Rutherford & Devine, 1996; Lassen: Clynne, 1999; Unzen: Nakada & Motomura, 1999) , which suggest more extensive magma mixing and/or evolution over a wider pressure range. The Quizapu dacite prior to the 1846^1847 eruption either appears to have been well shielded from episodic recharge events (i.e. lack of large fractions of complexly zoned crystals) or represents a recently developed storage system that lacks the complications associated with a prolonged history of magma recharge and magma evolution through mafic magma addition and fractional crystallization. Evidence for magma mixing in the 1846^1847 magmas is limited to almost syn-eruptive processes and is discussed in the next section.
Late-stage magma mixing and the generation of a spectrum of magma compositions Magma mixing is an important process for controlling compositional diversity in arc magmas (e.g. Gardner et al., 1995; . Late, pre-eruptive magma mixing has been documented in many silicic systems (e.g. Clynne, 1999; Scaillet & Evans, 1999; Tepley et al., 1999; Murphy et al., 2000; Browne et al., 2006; Suzuki & Nakada, 2007; Zellmer & Turner, 2007; Kent et al., 2010) . We propose for Quizapu that most of the large-scale heterogeneity in the 1846^1847 magmas is the result of a single episode of hot andesitic recharge that may have originated from a lower crustal storage region and passed through the zone dominated by the andesite mush (Fig.  15b ). This recharge magma, which shows some variability in composition and crystal cargo (Figs 2 and 5) interacted with the dacite magma and led to the mingling and mixing present in the 1846^1847 eruption products. Evidence for a single episode of recent mixing can be obtained from the trace element record in the andesite-derived plagioclase. Only a few entrained andesite-derived plagioclase crystals in the 1846^1847 eruption products show low Fe and Mg concentrations despite high An contents; this feature indicates that most crystals have not resided in the dacite magma long enough for complete equilibration (Fig. 5) . Similar patterns exist for Pb, La, and Ba; in particular, fast-diffusing Pb (Cherniak, 1995) has low concentrations in the High-An plagioclase, indicating that diffusive re-equilibration with a more felsic, cooler magmas has not occurred.
The uniform character of the Quizapu dacites provides a rare opportunity to study the effects of magma recharge and mixing without the added complexity of extensive past recharge records. Some magmatic systems (e.g. Soufrie' re Hills: Murphy et al., 2000; Mt. Unzen: Browne et al., 2006; Lassen Peak: Clynne, 1999) show evidence for previous episodic recharge and this makes deciphering the effects of a single event of mafic magma recharge on a silicic magma in these systems difficult. The single episode of magma mixing at Quizapu allows insight into the dynamics of magma mixing from a natural example (complementing our knowledge from analog and theoretical models) and provides the basis for understanding the spatial and temporal distribution of crystal populations during dacite magma evolution, leading up to a single late-stage magma mixing event.
Mingling and mixing at Quizapu have occurred on various length scales. The local presence of both mingled dacite and hybridized andesite suggests that mixing occurred in a transitional regime between complete mixing with homogenization on the crystal scale (as a result of similar magma viscosities for the mixing magmas) and only partial mixing with the formation of rigid enclaves (Sparks & Marshall, 1986) . On the scale of the entire eruption we observe a general trend to more evolved magmas towards the end of the 1846^1847 eruption, indicating incomplete large-scale mixing during overturn and the development of chamber-wide compositional gradients . Magma chamber overturn is driven by density inversion following intrusion of hot recharge magma into the dacite magma system, accompanied by chilling of this hot magma against the colder dacite magma, and vesiculation as well as crystallization (Bacon, 1986) . This complex interplay between crystallinity, temperature, and degassing affects magma viscosity, which ultimately controls magma hybridization on all scales (Sparks & Marshall, 1986; Koyaguchi & Blake, 1991; .
Assuming that chamber-wide gradients at Quizapu may be approximated by a single large-scale magmatic overturn we can use compositional variability in the different flow lobes of the 1846^1847 eruption to constrain the mixing efficiency for the Quizapu system, which reflects the state of the magma chamber after the overturn and prior to the eruption. The mixing efficiency of a magma system is the horizontally averaged vertical gradient in density. There can be large variations in the vertical density gradient, which is expected in time-dependent vertical chaotic mixing, yet those variations can be averaged and the overall character of the vertical density variation can be captured. Given the magma composition and temperature, we can estimate the viscosity ratio m a /m r of the ambient dacitic m a and mafic recharge magma m r during the mixing episode. Dynamic simulations provide an estimate for the Reynolds number for an overturning magma (Ruprecht et al, 2008) . The simulations were performed for magmas with slightly lower viscosity than the Quizapu magmas and therefore provide an upper bound of $10 2 for the Reynolds number for the Quizapu mixing conditions. The mixing efficiency E can be obtained by adopting the parameterization of the experiments of fig. 10 ) where E is given by and the total volume of the 1846^1847 eruption V total weigh the contribution from the single flow lobes. Volume estimates and an overall mass balance for the 1846^1847 eruption have been presented by Ruprecht & Bachmann (2010) and are used here to calculate a mixing efficiency of 0·53^0·85. Under such mixing conditions the parameterization of suggests that the viscosities of the ambient and recharging magma are within one order of magnitude of each other (10 À1 5m a /m r 510 1 ). This is in contrast to typical magma viscosity ratios of mafic and silicic compositions, where 410 2 is a conservative estimate for the minimum viscosity ratio of wet dacite to andesite magma (Giordano et al., 2008; Fig. 16a) . A caveat in applying the model of to the Quizapu system is that buoyancy flux (i.e. the mass flux from the lower boundary of the reservoir) during recharge at Quizapu is time-dependent. Nonetheless, the model of provides the best approximation for a system of magma recharge, as their experiments used a constant buoyancy flux for a restricted time. Figure 16b schematically illustrates the expected temporal viscosity evolution of the system with increasing crystallinity in the mafic magma. Melt viscosities are estimated using the viscosity model of Giordano et al. (2008) and measured melt compositions. The effect of crystals on the magma viscosity is estimated using observed crystallinities and the model of Beckermann & Viskanta (1993) . Reheating the dacite magma would lower its viscosity (no significant volatile exsolution is assumed for these calculations, and crystal dissolution is limited), but the andesite magma would experience a viscosity increase as it chills against the dacite and starts to crystallize in response to volatile exsolution and cooling. We would expect the viscosity ratio of the ambient to recharge magma to approach unity and be within the range of 10 À1^1 0 1 during the early overturn of the system. Thus, the overall mixing efficiency must be established during the initiation of overturn, because as continued crystallization would cause the recharge magma to become increasingly viscous, the viscosity ratio of ambient to recharge magma would decrease beyond 10
À1
. Mixing conditions in which the recharge magma is significantly more viscous than the ambient magma result in large mixing efficiencies Fig. 16a) . Such large mixing efficiency exceeds the observed values at Quizapu, precluding prolonged mixing.
In addition to the early regulation of the overall mixing efficiency, local hybridization is likely to occur early during the overturn. A narrow range of viscosity ratios close to unity is required for effective hybridization, whereas large viscosity ratios lead to enclave formation (Sparks & Marshall, 1986) . Thus, most of the local crystal-scale hybridization that follows recharge and mixing is likely to be implemented early as well (i.e. with the onset of overturn and mixing). This is consistent with the caveat that hybridization occurs only when the volume ratio of mafic recharge to dacite host magma is large ($0·7^1) (Sparks & Marshall, 1986) . Such large contributions of andesite are expected to be most prevalent in the beginning of the mixing process, prior to the large-scale dispersal of the mafic magma, and are consistent with the dominantly dacitic output towards the end of the 1846^1847 eruption.
Once mafic magma is dispersed within the magma chamber, additional small-scale mixing of mafic enclaves may occur under solid^liquid conditions. This solid^liquid disaggregation mechanism has been proposed for many arc magmatic systems; for example, by Bacon & Metz (1984) , Thompson & Dungan (1985) and Feeley & Dungan (1996) . Those researchers argued that localized boundary layer processes around the enclaves, rather than large-scale overturn, further redistribute the crystals. The andesitic recharge magma behaves mechanically as a solid when it crystallizes, and textural evidence suggests the slow disaggregation of solid mafic enclaves: their cuspate contacts with the dacite host magma are snapshots of this disaggregation process. Moreover, the Quizapu mafic enclaves lack the gradients in crystallinity that have been observed in non-disaggregated enclaves (Browne et al., 2006) .
In addition to the textural and petrographic evidence for sequential magma mixing, the crystal cargo (i.e. andesite-derived plagioclase) acts as a passive tracer of mixing and disaggregation. The time scale of overturn and mixing is short compared with the crystal response time to mixing (Ruprecht et al., 2008) ; therefore, late stage dacite^andesite mixing is tracked by the different crystals. Andesite-derived crystals (e.g. types III and IV) are . Numerical models suggest an upper bound for the Re number to be 10 2 (Ruprecht et al., 2008) . As the mafic magma becomes chilled and crystallizes the mixing dynamics move towards higher (not observed) mixing efficiencies (dashed arrow). This suggests that the overall extent of mixing at Quizapu was established early in the recharge event. (b) Viscosity evolution and (c) the corresponding ambient to recharge magma viscosity ratio and their relation to the conditions for the development of textural diversity during mafic^silicic magma interaction. Both extensive local mixing (i.e. hybridization) and chamber-wide mixing efficiency are set early during magma overturn. With progressing overturn ambient silicic magma to mafic recharge magma mass ratios become larger and viscosity ratios decrease, resulting in mafic enclave formation and a subsequent solid^liquid disaggregation of those enclaves as the mafic recharge reaches a critical crystallinity.Viscosity estimates for the melt and the crystal^melt mixture are based on the parameterizations of Giordano et al. (2008) and Beckermann & Viskanta (1993) , respectively. Mafic recharge magma viscosities are calculated for two water concentrations (2 and 4 wt %). The mafic melt composition is taken from the whole-rock composition of VQ-22A, whereas the average dacite melt composition is taken from Ruprecht & Bachmann (2010) . It should be noted that the effects of progressive degassing on the melt viscosity and potential crystal dissolution in the reheated dacite are neglected here. Degassing in the mafic recharge magma would increase magma viscosities even faster. Thus, hybrid textures and the degree of the chamber-wide mixing would develop even earlier.
dispersed throughout the hybridized andesites, and in mingled dacites they provide evidence for the enclave disaggregation. Their chemical variability further suggests that they are gathered from different parts of the deeper magma plumbing system. A few may derive from the andesite mush and are less mafic, whereas most are derived from the decompression of the recharge magma that may result in sieve-textured plagioclase (Nelson & Montana, 1992) . Similar models of recharge and magma dynamics have been proposed elsewhere (Kayzar et al., 2009) . We assume that most of the hybridization occurs during the overturn close to the dacite^mush interface, because of the large fraction of mafic magma present, resulting in a reduced effect of andesite chilling. The mingled dacites are modified throughout the overturn, when andesitic enclaves are dispersed and further disaggregated by solid^liquid interaction. The overturn results in the early eruption of hybridized and mingled magmas, whereas the later magmas become more evolved. As most of the recharge magma left the magma system during the 1846^1847 eruption, we assume that the remaining magma was dacite, which was stored until a smaller recharge triggered the 1932 eruption. Some precursors of minor recharge may be related to the weak activity between 1907 and 1931, but neither these nor the eruption trigger of 1932 were volumetrically large enough to result in large-scale mixing and mingling.
Ascent processes and eruptive behavior
Microlite growth has been shown to occur during the final stages of magma ascent in the volcanic conduit (Geschwind & Rutherford, 1995; Hammer & Rutherford, 2002; Blundy et al., 2006) . However, as seen in the mingled dacites from Quizapu (and other examples: e.g. Feeley & Dungan, 1996; Humphreys et al., 2009 ) hybridization during magma mixing and mingling may result in the presence of abundant microlites in the dacite magma that is independent of late-stage decompression and eruption. Mafic enclaves contain abundant microlites as a consequence of the chilling of the andesite recharge magma against the colder dacite magma. Up to 70% of the Quizapu recharge magma is composed of microlites (Ruprecht & Bachmann, 2010) . Decompression would further enhance microlite growth, but a large fraction of the microlite population was already present in the magma plumbing system during solid^liquid disaggregation. As magma chemistry changes significantly for microlites growing in the mafic recharge magma or in the dacite magma, the microlite compositions provide a means to distinguish between recharge-derived and late-stage decompression-derived microlites.
The observation of apparent reheating as a consequence of decompression and crystallization proposed for arc andesite volcanoes may in some cases represent hybridization at depth that is independent of magma ascent. Blundy et al. (2006) argued that the correlated increase in temperature and crystallinity with decreasing pH 2 O at Mt. St. Helens and Shiveluch is a direct consequence of crystal growth during magma ascent and not a result of magma mixing. The samples examined by Blundy et al. (2006) lack macroscopic evidence of magma mixing. In contrast, magma mixing is documented on both the macro-and micro-scale at Quizapu. Whereas phenocryst crystallinities in mingled dacites and hybridized andesites remain similar at $20%, solid^liquid disaggregation of enclaves results in the same observations as those presented by Blundy et al. (2006) . Overall crystallinities (phenocrysts and microlites) in the mixed dacites increase owing to magma mixing and the addition of microlite-rich recharge magma. Magma temperature also increases significantly during mingling and mixing (Fig. 13) . Although magma chamber pH 2 O has not been determined for Quizapu, the low H 2 O solubility ($2^3 wt %) in hot recharge andesites (11008C) with plagioclase $An 70^80 phenocrysts (Lange et al., 2009 ) compared with amphibole-bearing dacites ($3·5^4 wt %) suggests that with continuing magma mixing the pH 2 O of the mixed magmas would decrease by mass balance. Therefore, magma mixing is likely to result in the same characteristic effects as in the decompression^reheating model of Blundy et al. (2006) . If hybridization is complete and macroscopic evidence for magma mixing is missing, magma recharge with mixing and reheating and conduit reheating during decompression may be indistinguishable with respect to low pH 2 O and high crystallinity at high temperatures. At Quizapu volcano magma mixing is documented macroscopically. The phenocryst compositions, with calcic plagioclase microlite cores (An 60 ), additionally confirm an origin from the mafic recharge magma.
There is ample evidence that hot mafic recharge magmas can provide large amounts of energy to reheat silicic andesite and dacite magmas in shallow crustal magma chambers. Mafic enclaves are present in many arc magma systems (Murphy et al., 1998; Costa & Singer, 2002; Holtz et al., 2005; Zellmer & Turner, 2007) , demonstrating that late-stage mingling and mixing is a common process in arc magmas. Magma systems for which extensive temperature information exists for distinct but associated magmas show large temperature differences ($100^2008C) between cooler host magmas and hot recharge magmas (e.g. Montserrat: Murphy et al., 1998; Unzen: Holtz et al., 2005) . Reheating is typically observed in the host dacite magmas. Reheating has a strong effect on the viscosity of the dacite magma (e.g. Hess & Dingwell, 1996; Giordano et al., 2008; Ruprecht & Bachmann, 2010) and on the dissipation of frictional stresses in the conduit.
The simple Quizapu system with two eruptions that manifest contrasting behavior provides evidence that reheating of dacite magma drives the system into effusive eruptive behavior (Ruprecht & Bachmann, 2010) . In other arc systems, a similar temperature increase may also lead to a reduced explosive potential. Although higher magma crystallinitiesçand, as a consequence, higher magma viscositiesçcharacterize these systems (e.g. Montserrat,: Murphy et al., 1998; Unzen: Holtz et al., 2005) , reheating by recharge magmas may partially offset the higher viscosity owing to higher crystallinity. As shown in the previous section, and by Humphreys et al. (2009) , microlites can be substantially derived from the recharge magmas and may only subordinately result from decompression-induced nucleation and growth. Dacite magmas that are crystal-rich when they reach the surface may initially have had much lower crystallinities and lower viscosity, and therefore may have undergone passive degassing early in their ascent history. Even though magma viscosity is higher for magmas with high crystallinities, bubble movement through the melt is enhanced owing to the lower melt viscosity as a result of reheating (Ruprecht & Bachmann, 2010) .
C O N C L U S I O N S
Crystal zoning and geothermobarometry suggest that the Quizapu magma system was chemically and thermally zoned. This zonation is rather abrupt, with a hot andesitic mush (recorded by the recharge magmas and their crystal cargoes) overlain by a homogeneous, cooler dacite magma with limited complexity on the crystal scale. In contrast to many other intermediate-sized magma systems, the plumbing system of Volca¤ n Quizapu is relatively simple, as corroborated by the relatively simple crystal textural populations. The Quizapu dacite magma chamber is a result of mineral^melt segregation, as this is the only process that can produce homogeneous magmas on both whole-rock and crystal scales. Amphibole geobarometry suggests that the eruptible dacite magma was stored at $5^7 km depth and kept at relatively low crystallinity owing to heating by the underlying hot andesitic mush that was itself buffered by latent heat addition. The amphibole record that suggests kilometer-scale sluggish overturn in the dacite magma chamber supports the low crystallinity.
The limited diversity of plagioclase and amphibole phenocrysts in the largely homogeneous Quizapu dacites suggests that back-mixing at the andesite mush^dacite magma interface is minimal. However, the presence of a few crystals that record growth in the homogeneous dacite and the andesite mush precludes the presence of spatially separated bodies. We suggest that the clearly defined mush^dacite interface is significantly disrupted only during volumetrically significant recharge events. Such an event occurred prior to the 1846^1847 Quizapu eruption. As a result of limited andesite-derived contributions to the dacite magma, the episode of late-stage magma recharge and mixing prior to the 1846^1847 eruption provides an opportunity to unravel the local and chamber-wide mixing processes. Integrating observations from the 18461 847 eruption with analog and theoretical models for magma mixing supports the notion that the extent of chamber-wide magma mixing is established early (i.e. during the chilling and crystallization of the recharging mafic magma). The crystal-scale extent of mixing is established and the window for complete magma hybridization is passed early. Once this opportunity for magma mixing is lost, continued mafic^silicic magma interaction is limited to solid^liquid disaggregation.
Whereas the 1846^1847 eruption is characterized by magma mixing, the explosive 1932 eruption shows very limited contributions from mafic recharge, suggesting that (1) only small volumes of recharge magma remained at depth (although they were potentially the cause for the intermittent minor activity between1907 and1931), or (2) all of the recharge magma that triggered the 1846^1847 eruption had left the magma plumbing system during that eruption. Nonetheless, volumetrically minor mafic scoria deposits associated with the 1932 eruption suggest that a new small batch of recharge magma was the trigger for this event.
The data presented here provide clues as to how compositionally similar dacite magmas erupted first effusively in 1846^1847, followed by a plinian eruption in 1932. It has been proposed elsewhere (Eichelberger & Izbekov, 2000; Maksimov, 2008 ) that such explosive^effusive transitions may be the result of silicic recharge into a more mafic shallow magma system; however, the magmatic architecture of Quizapu, derived from crystal zoning and geobarometry, supports a magma system with more silicic compositions at shallower depths. The recently proposed mechanism of mafic recharge-induced reheating of silicic magma and subsequent magma viscosity reduction leading to enhanced degassing is more consistent with the petrography and petrology of the Quizapu magmas (Ruprecht & Bachmann, 2010) .
Finally, we conclude that the characteristic signatures of decompression-related reheating are probably very similar to the signatures recorded during reheating as a result of magma mixing and hybridization. In the case of complete hybridization, the primary indicator for distinguishing between decompression^reheating and recharge^reheating is the composition of microlites that formed late in the magma's evolution. Calcic microlites are likely to be andesite-derived and form during chilling of mafic magma against cooler silicic magma. As the magma continues to crystallize and degas the microlites may become more sodic. Microlites that are sodic in composition form as a result of decompression and degassing in an otherwise closed system. The presence of calcic microlites may be generally indicative of reheating as a result of mafic recharge.
AC K N O W L E D G E M E N T S
Constructive reviews by James Brophy, Mike Dungan, Jake Lowenstern, Shan de Silva, and Heather Wright are much appreciated. We thank Olivier Bachmann, Carrie Brugger, Mike Dungan, Jose Antonio Naranjo, and Pablo Salas for support in the field and many constructive discussions on silicic magma systems. Adam Kent and Scott Kuehner provided important help with LA-ICP-MS and electron microprobe, and Dougal Jerram shared his insights on crystal size distributions. This is Lamont^Doherty Earth Observatory contribution 7518.
F U N D I N G
The project was funded by National Science Foundation grants EAR 0440391 (G.W.B.), EAR 0711551 (G.W.B.), and EAR 0711354 (K.M.C.).
S U P P L E M E N TA RY DATA
Supplementary data for this paper are available at Journal of Petrology online.
